Middle East respiratory syndrome coronavirus (MERS-CoV) causes severe acute respiratory infection with as yet unclear epidemiology. We previously showed that MERS-CoV counteracts parts of the innate immune response in human bronchiolar cells. Here we analyzed accessory proteins 3, 4a, 4b, and 5 for their abilities to inhibit the type I interferon response. Accessory protein 4a was found to block interferon induction at the level of melanoma differentiation-associated protein 5 (MDA5) activation presumably by direct interaction with double-stranded RNA.
T he emerging Middle East respiratory syndrome coronavirus (MERS-CoV) (previously known as human coronavirus-Erasmus Medical Center HCoV-EMC/2012) and the related severe acute respiratory syndrome-associated CoV (SARS-CoV) are both linked to acute respiratory syndrome with severe outcomes, raising public health concerns (1) (2) (3) (4) . In contrast to other humanpathogenic CoV, MERS-CoV can replicate in cells from a broad range of mammalian species (5, 6) . Its obvious zoonotic or even epidemic potential urges for the identification of MERS-CoV-specific virulence factors.
The capability of a virus to counteract the early innate immune response influences virus pathogenicity and clinical outcome in patients (7) . The type I interferon (IFN) system plays a major role in antiviral innate immunity. It is commonly subdivided into the IFN induction pathway leading to IFN transcription and secretion, as opposed to the IFN signaling pathway resulting in the upregulation of antiviral proteins and the recruitment of immune cells following the secretion of cytokines (8, 9) . Both SARS-CoV and MERS-CoV efficiently inhibit the activation of the type I IFN response (10, 11) . Several IFN antagonistic proteins have been identified in SARS-CoV, including accessory proteins 3b and 6 (12) (13) (14) . MERS-CoV has five putative accessory proteins (protein 3 [p3], p4a, p4b, p5, and p8b) with as yet unknown functions (15) . In this study, we focused on p3, p4a, p4b, and p5 to investigate potential anti-IFN functions.
Promptly released genome sequence information (15) was used to predict putative protein localizations and motifs, including transmembrane domains using TMpred, glycosylation sites, and putative double-stranded RNA (dsRNA)-binding domains using DELTA-BLAST. Putative accessory proteins comprised 103 to 246 amino acids (aa) with expected molecular masses of 11 to 29 kDa ( Table 1 ). The predicted topology of p3 and p4b revealed single transmembrane domains, whereas p5 had three putative transmembrane domains similar to the CoV structural membrane (M) protein (16) . Interestingly, p4a had a predicted dsRNA-binding motif such as in IFN antagonists, including paramyxovirus V (17) and Ebola virus VP35 (18) .
For heterologous expression and cellular protein localization studies, accessory open reading frames (ORFs) 3, 4a, and 4b were PCR amplified from MERS-CoV cDNA (primer sequences in Table S1 in the supplemental material), whereas ORF 5 was synthesized (Life Technologies). All ORFs were cloned into eukaryotic expression plasmid pCAGGS along with an N-terminal FLAG tag. For protein expression, human embryonic kidney HEK-293T cells were transfected with FuGENE HD (Promega). Expression of MERS-CoV accessory proteins was detected by immunofluorescence assay and Western blot analysis using an anti-FLAG immu- noglobulin G (IgG) as described previously (19) . To specify the subcellular localization of proteins, a colocalization study with organelle marker antibodies was done as described before (19) . Counterstaining of the marker proteins for the endoplasmic reticulum (ER)-Golgi intermediate compartment (ERGIC) representing the CoV budding site was performed with anti-ERGIC-53 IgG.
The trans-Golgi network (TGN) and lysosomes were stained with anti-lysosome-associated membrane glycoprotein 1 (anti-LAMP-1) IgG. Immunofluorescence signals were analyzed by confocal laser scanning microscopy (Leica, SP5 SMD). The majority of cells expressing p3 and p5 had distinct granular cytoplasmic staining patterns ( Fig. 1A , FLAG/DAPI [4=,6=-diamidino-2-phenylindole] column). Both proteins partially colocalized with the ERGIC marker ( Fig. 1A , FLAG/ERGIC-53/DAPI column). Minor colocalizations were observed for p3 with the TGN protein LAMP-1 suggesting putative processing along the secretory pathway ( Fig. 1A , FLAG/ ERGIC-53/DAPI column). p5 mainly colocalized with the ERGIC marker, but not with LAMP-1, indicating a possible retention ( Fig.  1A , FLAG/ERGIC-53/DAPI column). p4a and p4b showed a more diffuse cytoplasmic and partially nuclear distribution without any colocalization with the organelle marker proteins. Most observations corresponded to the in silico predictions as summarized in Table 1 . In Western blot analysis ( Fig. 1B) , p4a (12 kDa) and p4b (29 kDa) showed bands at the expected positions, whereas p3 migrated slightly slower than predicted (16 instead of 11 kDa), possibly due to posttranslational modifications. The distinct band of p5 at 23 kDa was slightly lower than predicted (25 kDa). After confirmation of protein expression, we investigated putative IFN antagonistic functions. Upon virus infection, the IFN induction pathway is triggered by dsRNA molecules (intermediates of viral replication) that can be sensed by cellular retinoic acid-inducible gene I product (RIG-I)-like helicases (RIG-I and melanoma differentiation-associated protein 5 [MDA5]) (20) . Downstream signaling involves activation of IFN regulatory factor 3 (IRF-3). IRF-3 is phosphorylated and dimerizes before it enters the nucleus to upregulate alpha interferon (IFN-␣) and beta interferon (IFN-␤) gene transcription (21) . Previously we found evidence that MERS-CoV inhibited IRF-3 activation and IFN-␤ transcription in human cell cultures (10, 11) . We therefore analyzed whether the accessory proteins are involved in counteracting the type I IFN response. The rabies virus phosphoprotein (RVP) served as a control because of its known function as an inhibitor of IFN induction through prevention of IRF-3 phosphorylation (22) . An IFN-␤ promoter activation luciferase assay was conducted first. HEK-293T cells were transfected with p125-FF (firefly [FF] luciferase under the control of the human IFN-␤ promoter), pRL-SV40 (simian virus 40 [SV40] promoter regulating Renilla luciferase [RL] expression) and the respective plasmids encoding accessory proteins (p3, p4a, p4b, or p5) as well as the RVP. Transfected purified total RNA from vesicular stomatitis virus (VSV)-infected cells was used as a dsRNA analogue, as it induces RIG-I-and MDA5-dependent activation of the IFN response (our unpublished observation). Figure 2A illustrates that p3 and p4b had no effects on the IFN promoter activation, whereas p5 induced a general reduction of SV40 promoter activity with an increased firefly-to-Renilla luciferase ratio compared to the empty vector (EV) control. This effect was independent of the IFN inducer and had already occurred upon transfection of p5, indicating a major influence of this protein on the general transcription level which was not further analyzed (data not shown). Only p4a was able to inhibit the activation of the IFN-␤ promoter to levels similar to those of the control RVP.
To assess the involvement of the canonical IRF-3 pathway in this process, a green fluorescent protein (GFP)-IRF-3 fusion protein was used to assess IRF-3 nuclear translocation as described elsewhere (23) . IFN induction was done by infection with Rift Valley fever virus clone 13 (RVFV Cl 13) at a multiplicity of infec- MDA5 plasmid (right panel) . The IFN-␤ reporter assay was done in three replicate samples using HEK-293T cells as described in the legend to Fig. 2A . Three experiments were done in triplicate. All depicted P values were determined by one-way analysis of variance (ANOVA) followed by Dunnett's test. (C) (Left) HEK-293T cells were transfected with 0.034 g IFNbeta-Gluc (Gaussia luciferase [Gluc] under the control of IFN-␤ promoter) and 0.01 g pEF1-Fluc (SV40 promoter regulating the firefly luciferase [Fluc] expression) and 0.025 g plasmids encoding accessory protein 3 (p3), RVP, or p4a. To maintain an optimal stimulation of the IFN pathway, 0.006 g of MDA5 plasmid was cotransfected. The total amount of DNA was constant (0.1 g) by the addition of empty vector (pCAGGS). Transfection was performed with TransIT-LT1 (MirusBio) according to the instructions. After 12 h, the cells were again transfected with 0.1 g poly(I·C) (pIC; Invivogen) for IFN-␤ promoter activation. The luciferase readout was performed 12 h after IFN induction. Gluc values reflecting IFN-␤ promoter activity were normalized to FF luciferase controls. Specifications refer to the 96-well format. (Right) To analyze dose-dependent IFN inhibition by p4a, the IFN promoter activation was measured as described above, but the amounts of p3, RVP, and p4a plasmids were increased from 0 to 0.05 g. All experiments were performed three times in triplicate. (D) Poly(I·C)-coated agarose beads were prepared from poly(C)-coated tion (MOI) of 5 guaranteeing infection of all transfected cells. RVFV Cl 13 has a truncated IFN antagonist (NSs) and was shown to induce IFN via IRF-3 (24) . Figure 2B demonstrates that in all p4a-transfected cells, translocation of GFP-IRF-3 was inhibited 8 h postinfection with RVFV Cl 13 to an undetectable level. To investigate whether p4a-dependent inhibition of IRF-3 activation resulted in a reduced production of secreted IFN, a bioassay was performed as described previously (25, 26) . The accumulated amount of IFN in cell supernatant of p4a-expressing and costimulated cells was reduced by 41% at 20 h posttransfection (Fig. 2C ). Next it was determined whether p4a could also inhibit IFN signaling via the JAK/STAT pathway that is activated upon binding of IFN to the IFN-␣/␤ receptor. JAK/STAT signaling leads to nuclear translocation of the IFN-stimulated gene factor 3 (ISGF3) complex comprising transcription factors STAT-1, STAT-2, and IRF-9 (8) . ISGF3 binds to the IFN-stimulated response element (ISRE) promoter which regulates the transcription of ISGs (8) . First, we conducted an ISRE-promoter activation luciferase assay. RVP, which is known to block the activation of STAT-1 (27) , served as a positive control. Vero cells were transfected with reporter plasmids (pISG54-FF, including the ISRE promoter, pRL-SV40) and RVP or p4a plasmids, and incubated with recombinant IFN-␣ (PBL Interferon Source). p4a had minor effects in this assay compared to RVP, which inhibited the IFN signaling most efficiently (Fig. 2D) . For further confirmation, a GFP-STAT-1 fusion protein was used in a nuclear translocation assay (28) . While RVP completely prevented translocation of GFP-STAT-1 into the nucleus, p4a had only small inhibitory effects (Fig. 2E, right panel) . We concluded that p4a had no or only a small influence on the IFN signaling pathway.
In silico analysis predicted that p4a had a dsRNA-binding domain (Table 1) . Comparison with the other known group C betacoronaviruses, bat CoVs HKU4 and HKU5, indicated that the predicted dsRNA-binding domain was conserved between aa positions 5 to 90 (Fig. 3A) . Notably, Ebola virus VP35 has a similar domain which is responsible for dsRNA silencing and sequestration, thereby blocking the activation of RIG-I-like helicases (RIG-I and MDA5) (18, 29) . MDA5 is thought to be the main sensor for CoV recognition (30, 31) , but RIG-I might also be involved (32) . As MERS-CoV p4a has a putative dsRNA-binding domain and blocked IFN induction efficiently, we next investigated whether p4a reduces IFN-␤ promoter activation at the level of RIG-I-like helicases. For targeted IFN induction, the IFN-␤ promoter assays were performed with the same amount of RIG-I or MDA5 plasmid (250 ng) previously shown to activate downstream signaling (33) (Fig. 3B) . For a negative control, we used p3, which had no effect on activation of the IFN pathway ( Fig. 2A) . As expected, with RVP, which is known to confer a downstream block at the level of IRF-3 activation (22), reduced IFN induction by both proteins (RIG-I and MDA5) was observed. Conversely, p4a had an enhancing effect on IFN promoter activation upon cotransfection with RIG-I ( Fig. 3B, left panel) , whereas activation triggered by MDA5 overexpression was reduced efficiently (Fig.  3B, right panel) . To further specify the inhibition of p4a on MDA5 activation, IFN induction was additionally stimulated by transfection with poly(I·C), a main activator of MDA5 (20) . Figure 3C (left panel) clearly demonstrates that only RVP and p4a strongly reduced the IFN induction upon poly(I·C) stimulation in comparison to the p3 negative control. This effect was dose dependent using plasmid concentrations ranging from 0 to 50 ng (Fig. 3C,  right panel) .
In the next step, we investigated whether p4a is able to bind to dsRNA molecules. MDA5, which is known to interact directly with poly(I·C), was applied as a positive control. In a pulldown experiment with poly(I·C) beads [negative-control poly(C) beads], it could be verified that p4a binds specifically to poly(I·C) (Fig. 3D ). Binding could be completely blocked by poly(I·C) pretreatment of the lysates (Fig. 3D, right lane) . To finally verify interaction of p4a with viral dsRNA, a protein-RNA colocalization assay was done with p4a-overexpressing and MERS-CoV-infected cells. As depicted in Fig. 3E , the expression pattern of p4a changed from a broad cytoplasmic distribution to a distinct pattern upon MERS-CoV infection, including fluorescence signals suggesting colocalization of p4a and viral dsRNA.
In summary, p4a acted as an efficient type I IFN antagonist blocking the IFN induction pathway. Its inhibitory effect on MDA5-dependent IFN activation, the direct interaction with poly(I·C), and the colocalization with viral dsRNA molecules strongly favor a block of MDA5 activation by dsRNA binding or sequestration. Several viral antagonists block MDA5 activation but have evolved a variety of mechanisms. Some have dsRNAbinding moieties leading to dsRNA sequestration as described for Ebola virus VP35 (29) . Others, like the V protein of paramyxoviruses, interact with MDA5 and manipulate its folding to inhibit its activation (17) . Interestingly, herpes simplex virus 1 antagonist US11 was observed to interact with MDA5 via its dsRNA-binding domain. The interaction between US11 and MDA5 was found to be RNA dependent (34) . Further studies should therefore address whether p4a binds only dsRNA for sequestration or whether it also binds MDA5 and whether the binding to dsRNA influences the interaction with MDA5. Importantly, the p4a antagonism should be further assessed in the context of a full replicating virus to appreciate intravirus and virus-host protein interactions.
So far, no CoV IFN antagonists were shown to sequester dsRNA or bind MDA5 directly. However, mouse hepatitis virus (MHV) and SARS-CoV nucleocapsid proteins were able to block activation of dsRNA-triggered pathways by unknown mechanisms (35, 36) . Most other CoV IFN antagonists were identified to counteract further downstream in the IFN induction pathway (37) , emphasizing that MERS-CoV has presumably evolved a distinct mechanism to counteract the innate immune response. beads (pC; Sigma) by incubating with 2 volumes of 2 mg of poly(I) (Sigma) per ml. Twenty microliters of a 25% agarose bead slurry was incubated with 400 l cell extract of HEK-293T cells transfected with 2 g plasmids expressing FLAG-tagged MDA5 or p4a. The cell extracts were supplemented with protease inhibitors (Roche). After incubation for 4 h at 4°C, the beads were pelleted by centrifugation, washed three times with lysis buffer, resuspended in SDS-PAGE loading buffer, boiled at 95°C for 5 min, and analyzed by Western blotting using anti-FLAG M2 antibody conjugated to horseradish peroxidase (HRP) (Sigma). PC-coated beads were included as specificity controls. For competition experiments (Comp.), pulldown reactions were supplemented with 10 g of pIC (Invivogen). (E) For a protein-RNA colocalization study of p4a with viral dsRNA, Vero cells were transfected with 0.75 g p4a or empty vector (EV) and infected with MERS-CoV (MOI of 1) 20 h later. After another 24 h, the cells were fixed and stained with rabbit anti-FLAG and mouse anti-dsRNA J2 IgG (39) . Secondary detection was done with goat anti-rabbit Cy2 (green) and goat anti-mouse Cy3-labeled IgG (red). Yellow areas display colocalization of p4a signals with viral dsRNA.
